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Abstract  
Composite slabs made of steel and concrete behavior is still today something difficult to 
predict. The purpose of the current project is to advance in this area with the help of Finite 
Elements (FE). The complex phenomena of interaction occurring between the steel deck 
and concrete are modeled using finite elements. Current tests are costly and take a lot of 
time, as the constructions of the slabs require time and money. Moreover, designing 
methods based on full-scale specimens proposed by Eurocode 4 [1] introduce parameters 
that decrease the real resistance on the safe side of the assumption. This fact is translated 
into a large increase of material and therefore expenses. Furthermore, these methods do not 
explain accurately the real comportment of these kinds of slabs. 
This report presents the results obtained of the modeled simulations using FE comparing 
them with the results of carried out bending tests of slabs of four different commercial steel 
sheeting profiles tested at “Laboratori d’estructures i resistència de materials” (LERMA) [2] 
[3] [4] [5] [6] in the UPC. The modeling builds an accurate geometrical model of full scale 
bending tests with the ability of describing macro and micro behaviors. The project also 
focuses on the improvement of concrete modeling, tries to explain some behaviors and 
compare some ranges of geometrical variables while the reliability of the model is 
contrasted.  
As a result of the progresses achieved during the development of the project, part of the 
findings of this research were submitted as article to EUROSTEEL 2014 that will take 
place in Naples on September [7]. Its full content is presented in the Annex. 
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1. Glossary 
Terminology  
pA : Nominal sheet area 
peA : Effective area of the sheet in tension 
sA : Effective area of passive reinforcement tensioned 
b : Width of the resistant section 
0b : Average width of the nerves 
cb : Average width of concrete compressed zone 
d : Distance between the upper edges of the concrete to the underside of the nerve sheet. 
pd : Distance from the top edge of the slab to the centroid of the effective area of the steel 
sd : Height of center of gravity of reinforcement compared to the base plate 
E: Young modulus 
e : Distance from the centroid of the effective area of the sheet to the bottom edge 
pe : Distance from the plastic neutral axis of the effective area of the sheet to the bottom 
edge 
NPF : Neutral plastic fiber 
ckf : Nominal strength of concrete 
ctf : Cylinder compressive strength of concrete 
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ymf : Minimum yield stress of steel 
ypf : Nominal yield characteristic of steel 
ysf : Yield strength of tensioned reinforcement  
ch : Height of concrete slab 
:k  Coefficient k of the m-k method 
L : Length of the slab 
bcl : Length of the concrete support 
bsl : Length of the steel support 
sL : Length into shear span 
sfL : Full length of interaction 
xL : Length of interaction 
:m  Coefficient m of the m-k method 
−
RdplM , : Design value of the plastic negative resistance moment  
+
RdplM , : Design value of the plastic positive resistance moment 
−
EdM : Design maximum negative moment 
+
EdM  Design maximum positive moment 
paM : Design value of the plastic resistance moment  
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prM : Reduced plastic moment of the steel 
𝑀!": Design resistance Moment 
cfN : Concrete compression resultant 
Nc: Concrete compression 
pN : Sheet tension resultant  
sN : Resulting from tension in passive reinforcement 
s : Width of the pattern sheet 
t : Steel sheeting width 
Tc: Stiffness multiplier for cracked tensile condition 
RdLV , : Desing value of shear resistance 
tV : Maximum shear strength on the PSC method 
tW  : Measured failure load 
plx : Depth of the plastic neutral axis  
z : Lever arm 
Greek symbols 
βt: Transfer coefficient of open crack 
βc: Transfer coefficient of closed crack 
acγ : Safety factor for steel 
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cγ : Partial safety factor of concrete 
VSγ : Partial safety coefficient for the ultimate limit state 
η : Partial connection factor of the slab 
µ : Friction coefficient 
υ: Poison’s coefficient 
Rku ,τ : Characteristic longitudinal shear resistance  
uτ : Longitudinal shear resistance 
umτ : Average resistance to longitudinal shear 
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2. Brief introduction to composite slabs 
Composite slabs were firstly introduced during 1950’s decade in North America to take 
profit of concrete and steel characteristics. The profiled steel sheeting and the concrete that 
is poured on it compose these slabs. The main objective of this composed structural 
element is to achieve the best of each material performance and both behaving together. To 
satisfy this complementary behavior the interaction between both materials working jointly 
should be assured using shear connectors, embossments and other types of connections. 
 
Figure 2.1 Composite slabs typical disposition [1]. 
Composite slabs are composed of three main elements: steel sheeting, concrete and 
reinforcement mesh wire. The following subsections describe each of these components 
separately. 
2.1. Steel sheeting 
2.1.1. Typologies 
There are two main typologies according to the form in which the steel sheeting rib is 
profiled. These two main shapes could be described as dovetailed and open ribbed. 
Dovetailed profiles are recommended because the configuration embraces the concrete to 
the plate tightly due to the effect of shrinkage where a friction interlock is created. 
However, these configurations need more steel as a consequence of its reentrant shape that 
is also translated in cost. For this reason open ribbed profiles are more common as they are 
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cheaper. Even if the steel sheeting is open ribbed or closed it usually has embossments or 
indentations to improve its resistance to longitudinal shear tensions in concrete-steel 
interface and enhance the joint behavior.  
 
Figure 2.2 Open ribbed profile (left) and dove tail profile (right) [1]. 
To achieve sufficient adherence between the steel sheeting and concrete surfaces there are 
different procedures described below. 
• The friction coefficient due to the profiled steel sheeting. 
• The mechanical anchorage, provided by local cold-formed deformations called 
embossments. The extra resistance capacity that give the embossments is 
determined by several constructive aspects as shape, position in the profile, depth, 
slope, length, and width among others. 
• Other elements welded, distributed through the ribs or at the end of them can also 
provide and anchor effect. 
 
Figure 2.3 Types of indentations for profiled steel sheeting [1]. 
2.1.2. Characteristics of the deck 
There is a wide range of different profiled steel sheeting for composite slabs. There area 
different shapes, depths, separations between ribs, widths, lateral coverings, stiffeners and 
mechanical connections defining characteristics of the steel sheeting. The most common 
parameters are: 
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o Thickness: t = 0,75mm÷ 1,5mm (normally, 0,75mm÷ 1,0mm).  
o Depth: h! = 40mm÷ 80mm. 
o Net width of the deck: b = 700mm÷ 900mm. 
o Distance between ribs: d! = 150mm÷ 300mm. 
 
Figure 2.4 Common parameters of steel sheeting. 
The steel sheeting has a dual role. The first one is to act as a stay-in place formwork during 
the pouring of concrete. The second is to provide reinforcement to concrete acting with it 
jointly.  
Large span lengths are not advisable except for some special conditions where the lateral 
spacing between beams need to be big. In these cases, the sheet needs to be braced during 
the pouring of concrete. Consequently the slab is strongly stretched in its final state and 
that means a cost increase during the works. During the assembly and pouring of the slab, 
the steel sheeting has to be fixed to the structure.  
There are two types of restraints to perform this function: bindings that are usually self-
tapping screws or connectors welded or riveted accompanied by additional fasteners to 
assure its fixation during the assembly phase.  
The bearing length has to be thoroughly selected to avoid the collapse of the structure and 
its damage produced by the slide or displacement during its collocation. Eurocode 4 gives 
some advises of the bearing lengths lbc and lbs as indicated in Figure 2.5.  
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Figure 2.5 Bearing lengths lbc and lbs [1]. 
The overlap of some types of profiles is not possible, nor the connection using connectors 
if they are overlapping. These values have to be at least as the following limiting values: 
• For composite slabs bearing on steel or concrete: lbc = 75 mm and lbs = 50 mm. 
• For composite slabs bearing on other materials: lbc = 100 mm and lbs = 70 mm. 
Bolts welded to the upper wings of the beams normally do the connection between the steel 
beams and the composite slab. However, sometimes problems arise in welds for humid 
environments. When this happens nails are selected instead of them. Fasteners at the ends of 
the profiles an also be used to fix slabs to beams. 
2.1.3. Makeup of the steel deck 
The steel sheeting is cold-formed from a carbon steel coil that is progressively formed due 
to the action of some rollers. This process hardens the steel deck by deformation of the 
sheet increasing the average characteristic resistance of the section.  
 
Figure 2.6 Steel sheeting conformation from a coil [8]. 
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As corrosion protection, zinc is galvanized on both sides. For slabs not exposed to 
aggressive environments, a 275g/m2 coating is generally sufficient (that means an extra 
thickness 0.04 mm). 
2.2. Concrete 
2.2.1. Typologies 
Concrete of the highest quality is desirable to be used in order to minimize the effects of 
creep and shrinkage. Concrete provides a high modulus of elasticity that improves the 
overall performance of the slab and the amount of steel needed. The use of additives in 
concrete is very common as it is usually set in place by pumping. Eurocode 4 allows the 
use of normal or lightweight concrete. Lightweight concrete has a lower differ resistant 
capacity than normal concrete. Moreover, lightweight concrete with additives is used due 
to the weight savings (typically 25%). This type of concrete has an economic and structural 
benefit. Using this type of concrete, when fire resistance dominates the calculation, implies 
a reduction of slabs edge as it has a higher fire resistance. However, it has a worse 
response to sound isolation than normal concrete. 
Concrete’s density varies some aspects of the slab listed below. 
o Avoiding spraying the slab with a fire protection product when it is lightweight. 
o Influences or change the amount of dead load. 
o Cost. 
o Pumping difficulties of concrete. More dense concrete needs more power to be 
pumped. 
Eurocode 4 accepts only concrete qualities above C20/C25 for normal and between 
LC20/22 and LC60/66 for lightweight concrete. Concrete’s degree affects the stiffness of 
the composed section and the shear tensions on the connectors. 
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2.2.2. Aggregate 
The quality and the type of aggregate used, especially sensitive for lightweight concretes, 
can lead to resistive characteristics modifications. Eurocode 4 gives some indications about 
the nominal size of these aggregates. As minimum it has to be the least of the following 
parameters shown in Equation 2.1. 
𝑀𝐼𝑁{0,4 · ℎ!; !!! ; 31,5  𝑚𝑚  }       ( E q . 2 . 1 ) 
2.3. Reinforcement wire 
The reinforcement consists of steel corrugated bars placed into the concrete. It is usually of 
B500 steel quality. These wires characteristics are normally: 
• Wire mesh welded: constrain the shrinkage and the cracking of the concrete that 
occurs during the drying. 
• Negative reinforcement: placed at the supports to absorb the traction of the negative 
moment.  
• Positive reinforcement: For exceptional cases were the section cannot absorb the 
whole traction tensions. Also common when improved fire resistance is required. 
In order to use these reinforcements, Eurocode 4 specifies the following recommendations: 
• Reinforcement, transversal or longitudinal, should be placed on the edge of 
concrete slab.  
• The amount of reinforcement should not be less than 80mm2 / m in either direction.  
• The spacing between the corrugated bars has to be at least the fewer value between 
twice the total depth of the slab (steel and concrete) or 350mm. 
• The upper surface of the slab could be exposed to crack if simply supported beams 
prevail in the slab design.  
• The area used to anti-cracking reinforcement should be greater than 0.2% the 
concrete section located above the steel sheeting, in the case of a structure unbraced. 
If it is braced this amount should be greater than 0.4%. 
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• In areas of stress concentrators such as holes or corners a special care should be 
taken. 
Figure 2.8 display workers introducing the wire mesh and pouring concrete. 
 
Figure 2.7 Workers placing the steel mesh and concreting [5]. 
While the reinforcement is usually done through corrugated bars, there is also the 
possibility of doing so with steel fibers, polypropylene or a combination of both materials. 
These fibers have to be mixed with the concrete before putting it into the deck, as 
composite slabs with reinforcing fibers is not a generic product. The use of fiber can be 
beneficial in terms of easy installation, speed (up to 20% faster) and amount of steel used. 
However, it is possible for, in areas with high concentration of load, the slab to still need 
corrugated steel bars. 
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3. Behavior characteristics 
It is interesting to describe the behavior between concrete and steel when the slab is 
requested to flexural effort. The need of avoiding the slippage of the concrete through the 
steel deck is the most important goal. The interaction between these materials could be 
described as total, partial, or nonexistent depending on the relative movement of concrete 
through the steel sheeting and the shear bond that appears between their contact surfaces. 
Figure 3.1 shows this interaction diagram 
 
Figure 3.1 Interaction force –deflection diagram [9]. 
Total interaction appears when the union between the contact surfaces is perfect and 
continuous through all the contact surfaces. There is no slippage or relative movement 
between the two materials. In this case bending will produce the failure due to the 
exhaustion of the steel sheeting and concrete. Partial interaction is produced when concrete 
slips in the longitudinal direction over the sheet.  There is an inefficient longitudinal shear 
transmission between their contact surfaces and there are two neutral axes, one for each 
material. This failure is usually produced as a consequence of longitudinal shear and the 
ultimate load is lower than the total interaction one. In case of nonexistence of interaction 
there is no transmission of longitudinal shear stresses and each material performs 
separately from the other. The ultimate load is lower than in the other cases.  
Furthermore the failure of the slab could be either brittle or ductile. It is considered to be 
brittle when the failure appears suddenly and generally without important deformations. A 
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ductile behavior is when the failure is progressively produced and deformations could be 
appreciated. In order to classify the slab as ductile or brittle, EN1994-1-1 9.7.3(3) [1] states 
that the failure load is the maximum load applied to the slab, being the mid-span deflection 
less than L/50 and the behavior is ductile if the ultimate load exceeds in 10% the load 
causing end slips of 0,1 mm. 
 
Figure 3.2 Ductile & Brittle behavior [1]. 
In order to achieve a joint behavior, the chemical adhesion, the mechanical connection and 
the frictional response have to be considered.  
• Chemical adherence is produced during the cast of the concrete on the steel deck 
where chemical bond appears. This bond can be very strong and resist high loads 
but its variability implies difficulties of its consideration. 
 
• Figure 3.3 Behavior due to chemical bond adhesion [1]. 
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• Friction: the normal forces between the steel deck and concrete are produced due to 
friction loads on the opposite direction of the slippage. Depending on the geometry 
of the sheet they can be higher or lower. 
• Mechanical connectors:  
- Embossments: Embossments act as mechanical interactions against the 
slippage. They increase the load needed to make the concrete slip. 
- Mechanical anchors connection with beams: support beams of the slabs can 
act as composite beams in their own bending way (transverse to the slab). In 
this case they incorporate common steel beams with welded shear 
connectors on the wing crossing the upper plate and embedded in the slab. 
These connectors act also as end anchorage of in the slab bending direction. 
- Mechanical anchors by deformation of the steel sheeting: Similarly to 
connectors at the ends of the steel sheeting, where there is no positive 
bending moment, a deformation to the deck can be practiced as to assure its 
anchorage. 
 
Figure 3.4 Examples of embossments and mechanical connections [1]. 
3.1. Failure mechanisms 
There are three typical failure modes of a composite slab: bending (Mp.Rd), longitudinal 
shear or relative slipping between steel and concrete (V.Rd) and vertical shear (Vv.Rd). 
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Depending on the length of the shear span (L), the failure mode will be one or another as 
shown in Figure 3.5.  
 
Figure 3.5 Modes of Failure of Composite slabs depending on length [1]. 
Figure 3.6 is showing the areas where the failure is produced depending on the failure 
mode that prevails. 
 
Figure 3.6 Modes of Failure of Composite slabs [2]. 
3.1.1. Bending failure 
Bending failure occurs at the center of the slab when an excessive moment (Mpl,Rd) higher 
than the resistance of the slab is applied. This failure is common for long and low height 
slabs, and having good adherence between concrete and steel sheeting.  
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3.1.2. Longitudinal shear resistance or relative slippage between steel and concrete 
failure (V.Rd) 
Failure due to relative slippage is the most common and occurs when the interaction 
between the two materials is not complete; this happens in the area of the shear span Ls, at 
both ends of the slab. The following aspects are related with this kind of failure. 
3.1.2.1. Failure due to longitudinal release of the sheet 
The wedge effect of the embossments transforms the longitudinal shear forces into normal 
components on the deck that produce local transversal deflections. At a certain deflection 
of the slab the slip is large enough to release the embossments positions longitudinally. 
The bending moment at this point reaches the maximum resistant limit. The failure 
mechanism is then due to the transverse bending of the sheet.  
 
Figure 3.7 Longitudinal release of the sheet [9]. 
3.1.2.2. Vertical separation 
Vertical separation is a common failure for open ribbed profiles. In fact, in many cases, an 
inclined slippage becomes due to the sum of the longitudinal and vertical direction. In open 
ribbed profiles, as showed in the figure above, vertical force components appear in the 
interaction of the embossments. These components tend to separate vertically the steel and 
the concrete. 
In this kind of profiles, the geometric interference of the bottom of the embossments 
(inwards) and the top of the indentations (outwards) is the only mechanism to prevent the 
vertical separation. The system fails when the transversal deflection of the steel deck and 
the longitudinal slip between concrete and steel permits both materials to release vertically. 
Once this separation is produced, the open geometry of the ribs implies a decrease of the 
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geometrical interaction and therefore a decrease on the transversal bending of the sheet that 
produces a total resistance decrease. 
 
Figure 3.8 Slippage and vertical separation of the Slab [5]. 
3.1.2.3. Crack and crush of concrete  
If there is a high resistance for the previous failure modes, a crack or crush on the concrete 
could happen due to: 
• Vertical traction on the basis of closed ribs. 
• Longitudinal shear in the base of the closed ribs. 
• Concrete shear at the base of the embossed indentations. 
• Chip of the concrete around the embossments. 
• Local compression on the contact zones. 
These fractures are brittle so the sheet might have the ductility to prevent a successive 
break not simultaneous of the retention systems. A high resistant concrete and a good 
design of the possible rushing areas achieve a high resistance. 
3.1.2.4. Failure by the flattening of the embossments 
On the embossments facing towards the concrete (inwards), the normal component of 
interaction forces (due to wedge effect) could flat the embossments completely if the value 
is high enough.  
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3.1.3.   Vertical shear (Vv.Rd) 
Failure due to vertical shear is common in slabs with short span lengths, high edge and 
under a high load application.  It is an unusual mechanism of failure, and has a type of 
brittle rupture with small deformations and cracks appearing at 45 ° in the middle plane of 
the slab. 
3.2. Design methods for longitudinal shear resistance 
3.2.1. The m-k method 
The longitudinal shear resistance of composite slabs with mechanical or frictional interlock 
(no end anchorage) can be determined by the m-k method that proposes Eurocode 4. The 
method can be applied when slab performance is either brittle or ductile and the failure is 
produced due to longitudinal shear collapse. The maximum design vertical shear (VEd) 
should not exceed the design shear resistance (V.Rd) calculated for a width of slab (b), 
using the relationship of equation 3.1. 
𝑉!" ≤ 𝑉!,!"   𝑉!,!" = !·!!· !·!!!·!! !!!!"       (Eq. 3.1) 
The calculation of the m-k parameters is according to the procedure described in Eurocode 
4 where the coefficients m and k are the slope and the intercept point respectively. These 
constants are determined from two sets of full-scale slab specimens. These two sets of 
three slabs each are divided depending on their length. Calling the sets A and B, group A 
slabs are as long and specimens of group B as short as possible while they still fail due to 
longitudinal shear failure. The design relationship is formed by the linear regression of 
these characteristic values for groups A and B. The value of the representative 
experimental shear force (Vt) is calculated from the value of the failure load (Wt) as follows:  
tductilet WV ·5.0, =           (Eq. 3.2)
ductiletbrittlet VV ,, ·8.0=          (Eq. 3.3) 
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Figure 3.9 m-k interaction diagram [1]. 
3.2.2. The partial shear connection method (PSC) 
The longitudinal shear resistance of composite slabs with mechanical or frictional interlock 
(no end anchorage) can be determined by the partial shear connection (PSC) method of the 
Eurocode 4. The PSC method can be only applied if the horizontal shear behavior of the 
slab is ductile. If the partial connection method is used it should be proved that at any 
cross-section the design bending moment (MEd) does not exceed the design resistance 
moment (MRd). At the calculation of the moment resistance Ncf has to be replaced by Nc. 
The value of Rdu ,τ  is determined from full-scale bending tests by the relation: 
xRduc LbN ··,τ=          (Eq. 3.4) 
The bending Moment (Mtest) at the cross-section under the point load from the maximum 
applied loads has to be determined. The degree of shear connection is defined as the 
relation between the concrete compression force at partial connection Nc and at full 
connection Nc,f. 𝜂 = !!!!,! = !!!!"!!",! = !!,!"!!!!!"!!",!        (Eq. 3.5) 
The maximum design bending moment (MEd) should not exceed the design resistance 
moment (MRd). 𝑀!" ≤ 𝑀!" = 𝑁! · z+𝑀!" = 𝜏!,!"𝑏𝐿! · z+𝑀!"      (Eq. 3.6)  
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Figure 3.10 Stress distribution for sagging bending if neutral axis is in the steel sheeting [6]. 
The location of the tensile force (Nc) at steel sheeting varies from e (full connection) to ep 
(near to null connection). When full connection is achieved the neutral axis of concrete and 
steel deck is solidary. Figure 3.11 explains this comportment. 
 
Figure 3.11 Stress distribution for sagging bending if neutral axis is above the steel sheeting [6]. 
Using the partial interaction diagram path AàBàC the degree of shear connection can be 
determined.  
 
Figure 3.12 PSC diagram [1]. 
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The characteristic shear strength ( Rku ,τ ) should be calculated from the test values and the 
design shear strength ( Rdu ,τ ) is the characteristic strength Rku ,τ  divided by the partial factor 
γs = 1.25 (recommended). The design relationship of partial interaction in Figure 3.13 is 
based on Rdu ,τ  value, which gives the bending resistance of the cross-section that is Lx far 
from the support.  
• If Lx ≥ Lsf, the shear connection is full, the bending resistance of the cross-section is 
relevant. 
•  If Lx < Lsf, the shear connection is partial, the longitudinal shear resistance is 
relevant. The load-bearing criterion requires that the design value of the bending 
Moment from the loads cannot exceed the bending moment resistance. 
 
Figure 3.13 Design relationship of partial interaction [10]. 
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4. Environmental study 
As the project tries to add knowledge to the comportment and resistance of composite slabs 
made of steel and concrete it is important to notice the large savings produced with the use 
of both materials performing jointly. The environmental study considers some points in the 
usage of composite slabs in a building and during its construction phase. These points are 
developed in the following subsections. 
4.1. Raw materials 
Only steel and concrete are used to build composite slabs. Not concrete nor steel is 
especially pollutant during its obtaining process. Furthermore, using composite slabs 
instead of reinforced steel has the advantage that it is easier to recycle the steel. The 
environmental impact of raw materials is associated with the extraction and transport of 
them. Steel is produced in blast furnaces which emit carbon dioxide, even so, nowadays 
the process is more sustainable than it was in the past because now is common to use 
reusable scrap.  
In addition, there is a concern in the use of carbon steel, as it needs to be galvanized to 
ensure a minimum corrosion resistance. During the galvanization process of the carbon 
steel, zinc is incorporated. The electrolytic production of zinc could produce sulfuric acid 
and zinc sulfate fogs. A research using ferritic stainless steel instead of carbon steel for 
composite slabs is being carried out to avoid these problems. 
4.2. Power consumption 
The power consumption is due to lamination process of the sheeting, the transport, the 
colocation, the casting of concrete and the built of the slabs. Regarding concrete, direct 
emissions occur during the transport of materials and indirectly the electric power 
generation used during the manufacturing process (mixing, aggregate crushers, etc.). 
Nowadays, there are sustainable initiatives that imply recycled aggregates.  
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4.3. Waste on site 
The waste varies depending on the way the composite slab is poured. There are two 
pouring alternatives for composite slabs: pre-casted slabs or in situ pouring. The first 
alternative generates less waste than the second, as it is an industrial process with higher 
control. The floor assembled in situ generates waste stuff like damaged steel sheets, 
hardened concrete unusable, screws, etc. It is important to notice that the real waste created 
due to the construction needs to be classified. This classification should separate materials 
in order to help this recyclability. 
 
Figure 4.1 Waste on site separated (left) and not separated (right). 
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5. Literature review 
The research of the composite slabs comportment using finite elements can be divided in 
three fields depending on the models dimensions and the scope of the investigations. These 
three fields are micro models, medium size models and macro models.  
5.1. Microscopic investigations 
Microscopic research is focused on the study of the embossments and rib patterns.  These 
studies only take into account the particular effects based on the crushing of the 
embossment and the interaction in these embossments of concrete and the steel deck. Their 
validity allows knowing the contribution of embossments in the whole resistance of the 
slab. However, they cannot predict this whole resistance of the slab and do not have into 
account some interactional effects that occur of the whole span. Seres and Dunai [10] [11] 
[12] and Ferrer [9] [13] are the main exponents in this field.  
Ferrer simulated the pullout test with a unique pattern of the rib and performed a 
parametric study. The goal of his study was to determine the geometric variables with 
more influence in the ultimate state. That sensitivity study reviewed the contribution of 
some parameters as the length of the span, its width, its height, the separation of the 
embossment, the longitudinal embossment angle or slope, the profiling angle of the lateral 
face of the pattern, the friction coefficient, thickness of the sheet and the direction of the 
embossments among others. Ferrer also analyzed the interaction between the concrete and 
steel deck as the transversal deflection, the wedge effect, concrete release of the 
embossments of steel, the interaction points and so on. He concluded that the most 
important factor influencing the whole resistance is the embossing slope. 
Seres and Dunai pullout simulations had one or more embossments placed in a queue and 
their modeled concrete was embedded. They simulated the traction test preventing concrete 
mass to release vertically. Their investigations were divided in two main parts: one that 
studied the concrete and the other that studied effects through the steel deck. 
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On the concrete study they have simulated circular or trapezoidal section embossments 
with crack and crush enabled concrete and steel with linear elastic properties. In this way 
they analyzed the directions of fracture of concrete, determined the load displacement 
curves and observed how the final load varies and crack direction of the fractures 
according to the density of the mesh. They also improved parametrical studies taking the 
width, the length and the thickness of the deck as factors. 
To study the steel Seres and Dunai’s concrete was modeled with solid elastic properties 
and steel had an elasto-plastic model. Thus the authors analyzed the plasticized process on 
circular embossments and reported that this causes a nonlinear section on the load – 
displacement curve. The authors created a third type of model, which introduces crack, 
enabled concrete and elasto-plastic steel. They analyzed the variation in resistance 
depending on the friction coefficient, studied the propagation of fractures in concrete, the 
influence of the mesh on cracks direction and found that the failure of the embossment is 
given by failure of the concrete. They also compared the behavior of a circular 
embossment filled on the bottom with one without fillet and have not observed differences 
in maximum force or stress distribution. They have found that the non-fillet model have 
lower values of stress. 
5.2. Medium size models 
The medium scale studies are focused on full geometry pullout simulations. López Ávila 
[14] Shi and Chen [15] amongst other approached this kind of analysis. 
López Ávila et al. performed two pullout simulations with a unique pattern of rib as Ferrer 
did before and another with the full geometry. The authors concluded that there were no 
differences between the two simulations, and therefore, the simplified model was able to 
coherently explain the behavior of the full geometry. The boundary conditions applied on 
the concrete were the same as those used by Ferrer. They imposed transverse springs to 
simulate the dead weight and concrete block release from the steel sheeting vertically was 
permitted. The authors used a model with the ability to fracture, the steel rib design 
included embossments and the lateral displacement was imposed on the concrete. 
3D simulations models for composite slabs bending test  Pag. 33 
 
Chen and Shi also simulated the pullout test in all its full-scale but the rib was completely 
flat. They did not consider the embossment on the design. Instead of that the authors 
introduced modes of contact and friction parameters to simulate embossments mechanical 
effect. The concrete block was fixed lengthwise but left free in the transverse plain of 
vertical direction. Transversal forces were imposed to simulate their own weight. However, 
the wedge effect and the separation between concrete and steel deck were not observable 
as the profile rib was flat. The displacement was imposed on the steel deck and not in the 
concrete volume. 
5.3. Macro scale studies 
The macro scale studies are those that simulate all the rib of the slab either only the steel 
sheeting or the steel sheeting with concrete above. Some of the authors that have 
conducted studies in this area are: Chen and Shi [15] Mistakidis and Dimitriadis [16] 
Baskar [17], Fernández [8] and Andreu [18]. 
Shi and Chen modeled the entire slab with 4 full ribs with symmetry condition in the 
central part. The concrete was modeled as fractural enabled. They restricted the vertical 
separation between the two materials and ribs were modeled without modeling the 
embossments on the lateral sides. The authors introduced contact pairs and parameters to 
simulate their effect. Chen and Shi carried out a parametric study varying the friction 
coefficient and the shear span length (Ls) and obtained the following results: 
• The carrying capacity increased by increasing the friction coefficient 
• The slippage was not constant throughout all the length of the slab. It was bigger at 
the ends of the span and smaller in the mid-span 
• The shear stress was not constant throughout the whole span, in the bending region 
was fewer than in the shear span length (Ls) 
• During the simulation the steel deck did not plasticize 
Mistakidis and Dimitriadis focused their study on the analysis of the steel deck leaving 
aside the concrete. Specifically, they simulated half the rib with embossments on sides and 
symmetry conditions on the central and lateral parts. They performed two different 
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simulations: traction and bending. They also performed parametric studies of the thickness 
of the plate and the height of the profiled deck. 
Baskar simulated three different models of rib: without embossments, with embossments 
and with embossments and connectors. He used concrete with the crack property enabled. 
Among other findings Baskar noticed that without embossments there was a slippage in the 
area of pure bending zone while when embossments were introduced the slippage did not 
exist. 
Fernández simulated a rib with embossments in the two sides and explained the behavior 
of the sheet qualitatively. Andreu made similar simulations but he achieved same 
magnitude order results. Their investigations will be developed in another section, as they 
are the bases of the proposed model. 
5.4. FE modelling composite slabs research 
The current finite element allows the concrete to be modeled as crack enabled, as elastic 
solid or as rigid surface. In the first case there are authors like Seres and Dunai and López 
Ávila, et al. that studied the behavior accurately in a micromechanical level. Chen, Shi and 
Baskar used also crack enabled concrete but for macro scale simulations and without 
explaining the behavior on embossments. In the second case there is also Seres when she 
studied the behavior of the deck. Ferrer modeled rigid surface concrete. 
Steel can be simulated as a linear or non-linear depending on whether the priorities of the 
study are concrete or steel sheeting respectively. Seres and Dunai introduced a linear 
element or steel (SHELL63) when studying the behavior of concrete and a non-linear 
(SHELL181) when analyzed the behavior of the sheet. Shen, Chi and Ferrer also use the 
element SHELL181 in multi-linear models. Baskar, Fernández and Andreu used models 
with bilinear elements SHELL96, SHELL181 and SHELL281 respectively. All the authors 
mentioned used sheet type elements, however, López Ávila et al. simulated solid steel with 
a bilinear elastoplastic model.  
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Regarding contact elements, Shen and Chi, Seres and Dunai used a nonlinear surface-to-
surface contact elements CONTA173 and TARGE170 and deformable interfaces. However, 
Baskar used a linear contact with the item and COMBIN14 and López Ávila et al. used a 
contact node to node. Ferrer performed simulations with elements CONTA173 and 
TARGET170 but with a rigid interface.  
 
Figure 5.1 Contact Pair as developed by Shen and Chi. 
5.5. Preceding bending simulations  
The current project is based on the preceding simulations for the bending test performed 
before with the commercial profile INCO70.4. Some characteristics of their model are 
described below as the differences between their models and the models performed in this 
project are highlighted.  
The simulations launched by Fernández [8] and Andreu [18] were one ribbed and 
geometrically reliable. They imposed mirror conditions in the lateral and mid-span faces of 
the rib for concrete and steel and proposed a contact pair between concrete and deck 
surfaces. Some differences between their models are that Fernández did not fillet the 
embossments ends while Andreu did. Moreover, Fernández modeled the crack inducer also 
as two surfaces not joined but he lefts not just a line joint but a frame of merged nodes 
while Andreu’s approach consisted in a merged line between the two surfaces and an a 
contact pair between these surfaces. Not Andreu neither Fernández considered static 
friction in the contact between steel and concrete. They also proposed symmetry boundary 
conditions for the sides of the steel sheeting instead of the coupling applied in the current 
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project. Fernández obtained qualitative results similar to the real test but the numerical 
results differed considerably. Andreu obtained numerical results in the same magnitude 
order as the carried out tests but 20% lower demonstrating the sensitiveness of the end 
slope of the embossments opposed to what Seres and Dunai reported. 
The following tests with different commercial slabs pretend to understand and give 
response to the differences found between the models and the carried out tests. 
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6. Test description 
All the tests took place at LERMA in the Universitat Politècnica de Catalunya facility and 
are based on Eurocode 4. The lengths of the spans vary depending on the commercial 
product tested, but always according to Eurocode 4. For each test three slabs of two 
different set lengths, one large and other short as noticed in section 3, have to be carried 
out. Figure.6.1 represents the test disposition. 
 
Figure 6.1 Bending test disposition layout [6]. 
Figure 6.1 displays that the slabs are placed between two supports and two symmetric and 
linear forces are applied with the help of two beams. These two beams are placed at a 
distance equal to the fourth part of the length of the span from each side. The symmetry of 
loads is achieved due to the action of a hydraulic cylinder that pushes both beams. One of 
the supports is a fixed joint and the other one is a rotating roller. This arrangement 
achieves a constant bending moment and a pure bending in the central span. The shear 
force is nearly constant between the point of load application and the point of support. The 
dead weight of the slab slightly modifies these concepts.  
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Figure 6.2 Bending test disposition photography (left) and Moments and Shear forces diagrams (right) [6]. 
Linear displacement sensors are measuring the deflection at the mid-span (d3 and d4). 
Furthermore, there are two other sensors fixed to the concrete at each end of the slab 
measuring the relative slip of the steel (d1 and d2). The sensor d5 is incorporated to a 
central curvature meter, devoted to detect the initial cracking of the slab due to pure 
bending. 
 
Figure 6.3 Example of gauges disposition [6]. 
During the setup of the slabs following aspects were taken into account [6]: 
• Introduction of two crack inducers at a distance of L/4 from each end to enhance 
the appearance of the fracture of concrete. 
• The steel sheeting does not have to be cleaned or degreased with any kind of 
chemical products to preserve the conditions it has when it left the plant. 
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Figure 6.4 present the colocation of the crack inducer at a distance Ls from the support 
and the gauge that measures the slippage. 
  
Figure 6.4 Gauge measuring slippage [6] and introduction of the crack inducer [5]. 
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7. FE simulations 
FE models were created with the software ANSYS. The purpose of these models is to help 
to explain the behavior of the slabs. The performed simulations are modeled in a 
geometrical reliable way to enable microscopic and macroscopic scopes to be studied. 
7.1. Elements implemented 
Through the large range of simulations performed in this project different kind of elements 
are implemented and investigated to achieve an accurate response solidary to the carried 
out laboratory tests results. The elements performed in the different simulations could be 
divided depending on the materials or functions that have in order to explain them 
appropriately. For the steel sheeting two different kinds of elements are used: 
• SHELL181 [19]: A suitable for analyzing thin to moderately thick shell structures. 
It is a four-nodded element with six degrees of freedom at each node: translations 
in the x, y, and z directions, and rotations about the x, y, and z axes. The degenerate 
triangular option should only be used as filler elements in mesh generation. 
  
Figure 7.1 Element SHELL181 [19]. 
• SHELL281 [19]: is suitable for analyzing thin to moderately thick shell structures. 
The element has eight nodes with six degrees of freedom at each node: translations 
in the x, y, and z axes, and rotations about the x, y, and z-axes. (When using the 
membrane option, the element has translational degrees of freedom only. 
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Figure 7.2 Element SHELL281 [19]. 
To model concrete three different elements are tested: 
• SOLID65 [19]: is used for the three-dimensional modeling of solids with or without 
reinforcing bars (rebar) (The current project does not implement the rebar option). 
The solid is capable of cracking in tension and crushing in compression. In concrete 
applications, for example, the solid capability of the element may be used to model 
the concrete while the rebar capability is available for modeling reinforcement 
behavior. Other cases for which the element is also applicable would be reinforced 
composites (such as fiberglass), and geological materials (such as rock). Eight 
nodes having three degrees of freedom at each node define the element: translations 
in the nodal x, y, and z directions.  
 
Figure 7.3 Element brick SOLID65 [19] 
• SOLID185 [19]: is used for the three-dimensional modeling of solid structures. 
Eight nodes having three degrees of freedom at each node define the element: 
translations in the nodal x, y, and z directions. 
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Figure 7.4 Element SOLID185 [19]. 
• SOLID187 [19]:  element is a higher order 3-D, 10-node element. SOLID187 has a 
quadratic displacement behavior and is well suited to modeling irregular meshes 
(such as those produced from various CAD/CAM systems). 10 nodes having three 
degrees of freedom at each node define the element: translations in the nodal x, y, 
and z directions. The element has plasticity, hyper elasticity, creep, stress stiffening, 
large deflection, and large strain capabilities. It also has mixed formulation 
capability for simulating deformations of nearly incompressible elastoplastic 
materials, and fully incompressible hyper elastic materials. 
 
Figure 7.5 Element SOLID187 [19]. 
Elements to mesh: 
MESH200 [19]: is a "mesh-only" element, contributing nothing to the solution. This 
element can be used for the following types of operations: 
• Multistep meshing operations, such as extrusion, that require a lower 
dimensionality mesh be used for the creation of a higher dimensionality mesh 
• Line-meshing in 2-D or 3-D space with or without midside nodes. 
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• Area meshing or volume-meshing in 3-D space with triangles, quadrilaterals, 
tetrahedral, or bricks, with or without midside nodes. 
• Temporary storage of elements when the analysis physics has not yet been 
specified. 
MESH200 may be used in conjunction with any other ANSYS element types. After it is no 
longer needed, it can be deleted (cleared), or can be left in place. Its presence will not 
affect solution results. In the models is used as template mesh for the development of the 
concrete mesh. 
Contact Elements: 
• TARGE170 [19]: is used to represent various 3-D "target" surfaces for the 
associated (CONTA173, CONTA174, CONTA175, CONTA176 and CONTA177). 
The contact elements themselves overlay the solid, shell, or line elements 
describing the boundary of a deformable body. 
• CONTA173 [19]: is used to represent contact and sliding between 3-D "target" 
surfaces (TARGE170) and a deformable surface, defined by this element. The 
element is applicable to 3-D structural and coupled field contact analyses. This 
element is located on the surfaces of 3-D solid or shell elements without midside 
nodes. 
 
Figure 7.6 Contact Pair for CONTA173 [19]. 
• CONTA174 [19]: is used to represent contact and sliding between 3-D "target" 
surfaces (TARGE170) and a deformable surface, defined by this element. The 
element is applicable to 3-D structural and coupled field contact analyses. 
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Figure 7.7 Contact Pair for CONTA174 [19]. 
It is also important to understand that the contact pair has two parameters that model the 
allowable penetration of the contact when solving with the augmented Lagrangian method 
[19]. These parameters are and FKN and FTOLN [19]: 
• FKN is the parameter: for the stiffness of a closed Gap All contact problems require 
stiffness between the two contact surfaces. The amount of penetration between the 
two surfaces depends on this stiffness. Higher stiffness values decrease the amount 
of penetration but can lead to ill-conditioning of the global stiffness matrix and to 
convergence difficulties. Ideally, it is desired a high enough stiffness that contact 
penetration is acceptably small, but a low stiffness to assure the well-behave of the 
problem in terms of convergence or matrix ill-conditioning. 
• FTOLN is a factor based on the thickness of the element that specifies an allowable 
maximum penetration for the augmented Lagrangian method. If ANSYS detects 
any penetration larger than this tolerance, the global solution is still considered 
unconverged, even though the residual forces and displacement increments have 
met convergence criteria. The default for FTOLN is 0.1. This value can be changed 
but being conscious that making the tolerance too small can cause an excessive 
number of iterations or non-convergence. 
7.2. Material models 
The materials that are present in composite slabs made of steel and concrete have different 
behaviors. To describe these behaviors, different mathematical approaches and theories 
have been performed during years. ANSYS incorporates this theories and mathematical 
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models and then the user can easily choose the material rules that govern each material 
desired. This section describes the material models used during the simulations process 
with the aim of helping the reader to understand this facet. The material models are divided 
depending on the real materials. 
• Steel 
The steel material is normally modeled in the performed simulations as a bilinear material. 
This material model only needs three parameters to be built poisons ratio (υ), young 
module (E), and the nominal value for the yield characteristic strength of steel (fyp). 
 
Figure 7.8 fy -deformation of a bilinear steel material. 
Each kind of steel sheeting has its characteristic resistance parameters applied. Another 
option also studied was the use of a multilineal curve to model the steel performance. In 
this case a part from the three parameters noticed before (υ, E, fy), more points of the 
failure curve could be set manually. This manner of proceeding allows describing this 
material accurately so if the load-deformation characteristic test curve is available it could 
easily be replied with the input of different parameters. 
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Figure 7.9 fy -deformation of a bilinear steel material. 
Although the multilinear approach seems to be more accurate than the bilinear, it adds 
more parameters to the simulation. These parameters imply an increase of calculation steps 
and time but it doesn’t seem to give any kind of contribution that justifies its use. Figure 
7.10 presents the failure surface of von Misses criterion. 
 
Figure 7.10 Von Misses failure surface with the Tresca-Ghest surface incorporated [20]. 
Both material models fulfill the von Misses yield criterion. In this criterion a material is 
said to start yielding when its von Misses stress reaches a critical value known as the yield 
strength, σy. The von Misses stress is used to predict the yielding of materials under any 
loading condition of simple uniaxial tensile tests results. The von Misses stress satisfies 
also the property that two stress states with equal distortion energy have an equal von 
Misses stress. It is applicable for the analysis of plastic deformation for ductile materials 
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such as metals, as the onset of yield for these materials does not depend on the hydrostatic 
component of the stress tensor.  
• Concrete 
For the concrete modeled as elastic solid just two parameters are introduced the Poisons 
ratio and the Elastic modulus (υ,E) of the concrete so it cannot fail as the resistance limit is 
not introduced. The concrete modeled as a crack and crush enabled solid fulfills the 
William-Warnke criterion. The Willam-Warnke yield criterion is a function that is used to 
predict when failure will occur in concrete and other cohesive-frictional materials such as 
rock, soil, and ceramics. Figure 7.11 present the failure surface of this criterion.  
 
Figure 7.11 Willam-Warnke failure surface [19]. 
In figure 7.12 the same failure Surface as the figure 7.11 is represented but for biaxial state 
of tensions. 
 
Figure 7.12 Cut of the Willam-Warnke failure surface [19]. 
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In the figure above it can be assumed that considering σxp higher or equal to σyp that at the 
same time is higher or equal to σzp (in magnitude), and from all the principal tensions it can 
be understood that the sign for the σzp (the lower in value) decides the failure mode for 
concrete. Therefore, for concrete to crack due to traction at least σzp has to be positive and 
the fissure will appear in the perpendicular direction of this principal tension. To sum up, 
the concrete can crack due to traction if one of the tensile principal directions is positive in 
value. In other cases it crushes. 
To complete the definition of the material the Young modulus (E), Poisson's ratio (υ) and 
the transfer coefficients of open and closed crack (βt, βc), should be introduced. The factor 
Tc that is the stiffness multiplier for cracked tensile condition should also be introduced but 
is by default 0,6 in ANSYS. This factor relaxes the tensile stress when it exceeds its limit 
and thus has a better convergence in the simulation. 
 
Figure 7.13 fc-deformation diagram [19]. 
As presented in figure 7.13 if the crack is caused by traction the program automatically 
nullifies the elastic modulus (E) of the concrete element in parallel to the direction of the 
principal tensile stress direction. However, if the crushing occurs it cancels the modulus of 
elasticity of the concrete element in all directions, which is equivalent to removing the 
element. 
• Friction 
Friction is also modeled as a material and is used to simulate the real friction introducing it 
into the contact pair. Friction fulfills the Coulomb friction law. 
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7.3. The Newton-Raphson method 
Solving a linear problem of structural mechanics meanwhile has become a standard task 
and can be performed without any difficulties. The accuracy of the results just depends on 
the quality of the resulting finite element model itself. By contrast a nonlinear problem as 
the performed simulations, have to be solved iteratively and a solution is only obtained if 
convergence is achieved. Every linear problem in structural mechanics results in the 
solution of the matrix equation K u = F, where K is the stiffness matrix, u denotes the 
vector of displacements / rotations and F is the vector of forces / moments. On the other 
hand in a nonlinear problem of structural mechanics the resulting matrix equation can be 
formulated as K (u) u = F and it should be realized that the stiffness matrix depends on the 
displacements / rotations. Due to this fact an iterative solution scheme is required. In 
ANSYS the Newton-Raphson method is implemented to solve a nonlinear problem 
iteratively. The iterative solution process can be described by the Equation 7.3.1: 𝐾!∆𝑢 = 𝐹 − 𝐹!"   where  𝐹 − 𝐹!" = 𝑅      ( E q .  7 . 3 . 1 ) 
For each iteration, the changing stiffness can be identified as the slope of the force 
deflection curve from Figure 7.14. Hence it refers to the tangential stiffness KT. In each 
iterations a displacement / rotation increment ∆u is calculated until the imbalance forces 
which are also called the residual forces / moments R become acceptable small. Strictly 
speaking, a structure is only in equilibrium if the residual forces /moments totally vanish.  
 
Figure 7.14 Example of the Newton-Raphson iteration method [19]. 
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7.4. General characteristics of the models 
The simulations performed introduce a geometrical realistic approach where the 
embossments’ depth, embossments slope, sheet thickness, profiling angle, length, width, 
spacing of embossments and all geometrical parameters are modeled. This way of 
proceeding should achieve the elimination of geometrical and physical assumptions related 
to interaction between steel sheeting and concrete on the embossments as they are modeled 
as they are. However, other kinds of simplifications are applied when only one rib and the 
half of the span length (L/4) is simulated. These assumptions save computation time but do 
not influence the achievement of a similar behavior as the ones of the test:  
 
Figure 7.15 Highlighted the simulated area. 
For all the simulations the following boundary conditions were imposed: 
• Mirror symmetry was imposed at the final end of the rib for the concrete and the 
profiled steel sheeting elements. 
• Nodes of the steel sheeting on the lateral ends of the rib were coupled. 
• Symmetry conditions were imposed on concrete’s lateral faces. 
• Vertical displacement was limited in the support line  
• An area of the same length as in the tests was left cantilevered. 
• A fictitious pattern of steel without concrete on it was placed at the shear span end 
next to the cantilevered area of the slab. This pattern is placed to avoid 
disconnection when concrete slippage occurs. 
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A crack inducer was also modeled and located under the load point at a distance Ls.  This 
inducer divides the concrete solid in two zones:  
• Shear span area (from the support to Ls distance). 
• Bending zone (from Ls to the central surface mirrored). 
 
Figure 7.16 Boundary conditions. 
The crack inducer was built up by joining only the nodes of the upper line of concrete 
where the load is applied. This modeling approach represented the crack fissure and the 
hinge observed at the upper face seen in the tests.  
 
Figure 7.17 Crack inducer. 
The composite action was modeled as a contact pair surface-to-surface on the interface 
between the steel sheeting and concrete. Three different zones of contact with the same 
properties were modeled: shear span zone, bending zone and concrete surfaces at the 
inducer. For contacts between steel and concrete, steel deck was set as the contact surface 
and the concrete surface as target. The chemical bond, the adhesion and the steel sheeting 
Hinge 
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residual stresses were not taken into account. This contact pair used the Coulomb friction 
model with a friction coefficient µ= 0,5 and a static to dynamic friction ratio µs/µd = 1,25. 
In addition, the contact behavior was considered standard and to be solved with the 
augmented Lagrangian method. Furthermore the penetration parameters FKN and FTOLN 
were for all the simulations equal to 0,01 and 0,1 respectively.  
 
Figure 7.18 Contact pairs between the crack inducer surfaces (left) and in the interaction area of steel sheeting and 
concrete surfaces (right). 
Computation time and memory space are an important limitation in this project. With a 
processor of 3,1 GHz and a memory of 1600MHz the simulations took between 20 and 36 
hours to finish and each the results file occupied a memory space between 120GB and 
255GB. This fact implied the investigation of ways to save this amount of disk space and 
time. 
With the explained methodology four different profiles were simulated comparing its 
macroscopic results with the ones obtained at the LERMA in the UPC laboratory facility. 
The goal of comparing and contrasting the macro scale results obtained in the simulations 
with the tested slabs is to ratify the reliability of the model so it can be used to study any 
kind of scope and desired comportment. Table 7.1 compiles the profiles name and the 
investigations performed with them. 
Commercial 
Profile name 
Investigated fields 
C60 Reliability of the model; Concrete modeling; Fissures modeling; 
Elements discussions; 
Geometrical parameters sensitivity 
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INCO70.4 Reliability of the model; Thickness reliability 
T80 Reliability of the model 
QL60 Reliability of the model; Geometrical parameters sensitivity 
Table 7.1 Profiles tested and investigated fields. 
7.5. C60 
This profile is selected for investigations and research of elements in order to achieve real 
improvements. The decision of taking C60 as proof tester is due its geometrical simplicity 
that helps to identify easily the geometrical problems that appear. The goal of these 
investigations is to improve and perform models that explain how some parameters change 
the behavior of the slabs. These improvements are applied in different slabs typologies 
simulated. 
7.5.1. Geometry, materials and carried out tests 
The tests carried out for C60 profile slabs took place at ETSEIB on March 2013 [6]. These 
tests were performed in order to discover the value of using stainless steel instead of 
carbon steel. Two sets of slabs were constructed as the European norm proposal. The two 
sets were one of 5200 mm of span length and the other of 2800 mm of span length.  
To contrast its properties with galvanized steel, apart from the full set made with stainless 
steel deck, one slab for each set was built up with galvanized steel sheeting. Only the slab 
made of galvanized steel sheeting and of 2800mm of span length is contrasted as 
simulations only perform short spans.  
 
Figure 7.19 Geometry sample for C60 [6]. 
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Table 7.2 compiles the results of the measurement for the tested profile compared with the 
nominal measurements that the manufacturer provides. As it was introduced in section 5.2 
the real measures of the embossment have a significant impact in final results. 
Parameter Description Nominal Measured 
Pattern length (mm) 207 206 
Top length (mm) 106 107 
Bottom length (mm) 62 61 
Profiling angle (º) 71.4º 72º 
Depth of the embossment (mm) 3 2.4 
Wide of the embossment at bottom (mm) 10 16 
Embossments patterns separation (mm) 37.5 33 
Wide of the embossment at top (mm) 4 1 
Table 7.2 Comparison of nominal and measured geometrical parameters for C60 [6]. 
The composite slabs total thickness was 100 mm and the thickness of the steel sheeting (t) 
was 8 mm. Different material tests were performed to obtain the material resistance values 
for concrete and steel. These parameters are: 
• Steel: fyp = 326 MPa; E = 210 000 MPa.  
• Concrete fck = 26,86 N /mm2. 
7.5.2. Performed FE simulation 
Material properties are introduced in the model as explained in section 7.2 introducing the 
ultimate values reported in section 7.5.1 for all the simulations. The simulations performed 
introduced different characteristics. These characteristics refer to the way in which the 
simulations are modeled and will be explained and developed through next sections. Table 
7.3 compiles the simulations performed and the different characteristic parameters that are 
in use for each of them.  
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FE model Code Concrete 
element 
Crack Inducer 
Yes/No 
Cracks 
modeling 
Cracking 
Fringes/Inducer 
Geometry 
Nominal / 
Measured 
C60_185 SOLID185 Yes - Nominal 
C60_187 SOLID187 Yes - Nominal 
C60_185_1CF SOLID185/ 
SOLID65 
Yes Cracking Fringe Nominal 
C60_185_2CF SOLID185/ 
SOLID65 
Yes 2 Cracking 
Fringes 
Nominal 
C60_185_F SOLID185 Yes Inducer Nominal 
C60_185_RM SOLID185 Yes - Measured 
C60_185_AF SOLID185 No - Measured 
C60_185_RM_NC SOLID185 Yes - Measured 
Table 7.3 Performed simulations description summary for C60. 
For all the simulations a similar mesh has been used. The meshing process for the 
embossments is thoroughly done, as they have to bear with higher interaction forces. 
Moreover, the amount of elements is directly related with computation time. For C60 the 
mesh could be seen in the image below. 
 
Figure 7.20 Steel deck and volume patterns mesh for C60. 
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7.5.2.1. Concrete FE as solid component  
The initial approach for concrete modeling focused on SOLID65 with crack and crush 
capabilities enabled. Preliminary models reported difficulties in convergence due to a large 
increase on computational requirements and other complexities like high penetration 
identified at the concrete areas surrounding the embossments during the simulation. The 
scope of modeling a full-scale model required the introduction of two different alternatives 
in concrete modeling in order to make it work. In this way the exploration of other ANSYS 
finite element options and the characterization of the contribution of cracking fissures at 
the bending zone are studied. Two ANSYS elements were proposed as candidates for 
concrete modeling: an 8-nodes linear elastic hexahedron element (SOLID185) and a 10- 
nodes multi-linear elastic tetrahedron (SOLID187). As a result FE models “C60_185” and 
“C60_187” were created with the same boundary conditions and their respective 
simulations were carried out. Figure 7.21 represents results obtained for the force – mid-
span deflection simulation for both models. 
 
Figure 7.21 Mid-span Deflection for “C60_185” and “C60_185”. 
Both “C60_185” and “C60_187” graphs correlated between them and showed minimal 
discrepancies on overall composite slab behavior. Thinking on time saving and with 
similar responses, SOLID185 became the recommended element for the FE models 
because its computational time requirements were the half in comparison with SOLID187. 
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7.5.2.2. Concrete modeling with additional crack inducers at the bending zone 
The “C60_185_1CF”, “C60_185_2CF” and “C60_185_F” FE models were created to 
introduce the actual concrete ability to crush and crack at the bending zone. In this zone the 
cracks are straight and parallel to the load direction. “C60_185_F” was build adding a new 
crack inducer with the same properties of contact as the one in the crack enabler section. 
Models “C60_185_1CF”, “C60_185_2CF” introduced respectively one and two concrete 
fringes of element SOLID65 with the capability of cracking and crushing. Figure 7.22 
shows deflection results from the “C60_185_F” FE model with crack inducers highlighted. 
The new crack inducer at the bending zone was modeled at a distance of 1250 cm from the 
support.  
 
Figure 7.22 Crack simulated as crack inducers. 
The 8 mm-wide fringes were placed strategically between embossments to avoid the high 
penetration during calculation steps observed on initial FE models. The concrete element 
used at the fringes was SOLID65, which was merged to the rest of concrete elements of 
SOLID185 sweeping its elements with the prisms option. The material parameters used for 
concrete were: βt = 0,2 and βc = 0,6 for the coefficients of open and closed crack respectively, 
fck = 25 MPa and fct = 2,6 MPa for yield stress in compression and in traction and E = 28 
GPa for the Young Modulus. These parameters were introduced following the advice from 
Palerm [21] and similar to what Chen and Shi did. Figure 7.23 highlights the distribution 
of the two concrete fringes crack and crush enabled. The first fringe, common for both 
models, is located at 1250 cm from the support, while the second fringe only present at the 
“C60_185_2CF” model is located at a distance of 908 cm from the support.  
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Figure 7.23 Fringes of 8 m wide with concrete element SOLID65 highlighted (left) and Fringe of SOLID65 cracked 
(right). 
The results obtained with this models presented similar behaviors for models 
“C60_185_CF”, “C60_185_2CF” using SOLID65 fringes and also similar with “C60_185” 
model. For the “C60_185_F” model, the inclusion of a second crack inducer creates 3 
different areas bounded by the location of the crack inducers. Figure 7.24 represents these 
results obtained for mid-span deflection of the simulations with minimal deviation across 
FE models except for “C60_185_F”: 
 
Figure 7.24 Mid-span Deflection for C60 cracks models. 
The appearance of three different zones for “C60_185_F” means that its behavior is 
different from the common shear bond and bending areas observed for the test specimens 
and the rest of the FE models.  
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7.5.2.3. Embossments geometry sensitiveness 
Another important field in the investigation in addition to the concrete elements discussion 
is the embossments geometry sensitiveness. The embossment’s geometry affects 
considerably the composite slabs ultimate state as reported previously by Ferrer [9].  
Some models are performed with the intention of contrasting the affection of geometrical 
differences between nominal and actual measures and more specifically for the 
embossments. Figure 7.26 present qualitatively the differences in embossments between 
“C60_185” and “C60_185_RM” FE models, and an actual picture of the steel sheet. 
 
Figure 7.25 Embossments of C60, Modeled Nominal, Modeled Measures and Real. 
As key differences, “C60_185_RM” FE model embossments were wider at the bottom 
while the upper flat surface was almost non-existent. Consequently, the embossing slope 
was lower. Figure 7.26 and Figure 7.27 show the behavior of the different FE models for 
mid-span deflection and the slippage: 
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Figure 7.26 Mid-span Deflection for C60 geometry sensitiveness. 
 
Figure 7.27 Slippage for C60 geometry sensitiveness. 
“C60_185” was characterized with nominal embossment sizes, while “C60_185_AF” and 
“C60_185_RM” utilized measured values. As the results indicates, C60_185_RM” curve 
correlates with the test for mid and late steps of the simulation but not for early stages were 
the slope differed considerably. The existence of the crack inducer as a hinge from the first 
stage was thought to be the cause of this difference. To contrast this hypothesis the 
“C60_185_AF” model was performed. In this model the crack inducer was removed from 
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the point load (Ls) and the whole concrete elements were merged so it cannot broke and the 
surfaces under the crack inducer remain closed. Results demonstrate that in this case the 
hypothesis was right. Table 7.4 shows a summary of the simulated parameters for the FE 
models and their correspondence with the test specimen. 
C60 “C60_185” “C60_185_RM” Experimental 
Test F [N] 46 222 33 029 36 055 
Mid-span deflection [mm] 55,57 70,05 75,22 
Slippage [mm] 3,34 5,57 5,21 
Table 7.4 Compilation of results at the ultimate state for C60. 
7.5.2.4. Crack inducer contact pair 
The contact pair placed on the surfaces under the loading point was an inherited contact 
from previous models. It was thought that even if the surfaces tend to separate it gave a 
kind of interaction between them. Moreover, it was intended to improve this contact to 
make the simulation reliable from early stages without any kind of satisfactory result.  
 
Table 7.5 Mid-span Deflection for C60 Crack inducer contact pair investigation. 
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This situation implied that if no improvement was going to be achieved there was no 
reason to maintain this contact pair as it was thought to be not significant. To demonstrate 
this hypothesis another simulation was performed removing the contact pair between the 
crack inducer surfaces with similar results to the one with it. 
As it could be seen in figure 7.5, there is no difference on adding or removing the noticed 
contact pair so the hypothesis was contrasted. The correlation between both curves is total, 
so from now on, the next simulations do not incorporate this contact pair. 
7.6. INCO70.4 
This profile typology is interesting because is the one used by Fernández and Andreu to 
develop their final projects and due to the fact that this project has their thesis as 
background. Moreover the improvements proposed are applied and the results will be 
explained and reported in this section. 
7.6.1. Geometry, materials and carried out tests 
The test carried out at LERMA Laboratory involved two sets of three slabs each [2][3]. 
The first set had span lengths of 2800mm and a distance between supports of 2600mm. 
The other set of slabs had a length of 5200mm of span and 5000mm between supports. For 
each set, one test was with static load applied and the other two cyclic and static as it is 
collected at Eurocode 4.  
These tests were carried out with steel sheets of thickness 0,8mm and slabs of 180mm 
thickness. Moreover, another research field with the same commercial profile of steel 
sheeting for a thickness of 1.2mm was performed. In this investigation two slabs were 
tested one short and one large with the same measures of the sets constructed with 0,8mm 
thick. Figure 7.28 shows the geometry and the general aspect of INCO 70.4 and its 
nominal dimensions. The steel sheeting has a width of 840mm and it is profiled originally 
from a coil of 1250 mm of width.  
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Figure 7.28 Geometry sample for Inco 70.4 [31]. 
Table 7.6 shows the comparison of the nominal dimensions of the profile with the actual 
values for the steel sheeting. The measurement was done on a sample of 0.5 m2 and on the 
side to be in contact with concrete.  
 Parameter Nominal Measured 
Top Circular embossment Diameter (mm) - 17  
Top Circular embossment Depth (mm) 4 mm 2,8  
Top Circular embossment Slope (º) 5
0º45
+
−  
Variable 
Side Longitudinal embossment Depth (mm) 3 mm 2,2  
Side Longitudinal embossment Length (mm) - 47  
Side Longitudinal embossment Slope (º) 5
0º45
+
−  
Variable 
Separation between patterns (mm) 51,43 51  
Profiled Angle (º) 66,8º 66º 
Table 7.6 Comparison of nominal and measured geometrical parameters for INCO70.4 [2]. 
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Moreover, tests to obtain materials resistance values for concrete and with a piece of steel 
were performed. The parameters listed below are these obtained values. 
• Steel: fyp = 342 MPa; E = 210 000 MPa.  
• Concrete fck = 26,9 N /mm2.  
7.6.2. Performed FE simulation 
For this type of steel deck four different simulations are performed. These simulations 
compile the short slab set for 0,8mm and 1,2mm of steel deck thickness. Table 7.7 presents 
a summary of the performed simulations with its more interesting characteristic. 
FE model Code FE 
Concrete 
element 
Crack 
Inducer 
Yes/No 
Deck Thickness  
[mm] 
Geometry 
Nominal / 
Measured 
I70.4_187_RM_NC_0,8 SOLID187 Yes 0,8 Actual 
I70.4_187_AF_0,8 SOLID187 No 0,8 Actual 
I70.4_187_RM_NC_1,2 SOLID187 Yes 1,2 Actual 
I70.4_187_AF_1,2 SOLID187 No 1,2 Actual 
Table 7.7 Performed simulations description summary for INCO70.4.. 
As it could be noticed in Table 7.7 the concrete was modeled with the element SOLID187. 
After what was assumed for C60 models in section 7.5 a first try with element SOLID185 
for concrete was intended but after dealing with some inconveniences it was necessary to 
turn back to SOLID187. The problem was that using a linear brick solid element as 
SOLID185 the convergence is more difficult to achieve, and a lot of penetration 
parameters FKN and FTOLN were tested. This fact implied testing a wide range of values 
for these two parameters so finally it was realized that even the calculation time is larger 
for element SOLID187, this is better for simulations with a high degree of geometrical 
difficulty. The extra time in computation is saved by less time in testing parameters. 
Unfortunately, element SOLID187 has more nodes than element SOLID185. This fact 
implies concern on using a dense mesh to achieve reliable results, meaning reliable that if 
the mesh is refined then the results do not change, but also optimizing this density to 
economize the time implied. Moreover if the steel deck mesh is very thick and also the 
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concrete meshed contact surface means that the amount of contact pair elements is higher. 
As it is noticed Figure 7.29 shows the mesh for the steel and concrete. 
 
Figure 7.29 Steel deck and volume patterns mesh for INCO70.4. 
Results of simulation “I70.4_187_RM_NC_0,8” for mid-span deflection and slippage first 
curve slope at do not match with the test but curves have similar responses for the ultimate 
states and they are highly related as represented in Figures 7.30 and 7.31. The crack 
inducer opened from the first step is the cause of this fact, as the correlation of slopes 
between “I70.4_187_AF_0,8” and  the experimental test for first steps of load is high  
 
Figure 7.30 Mid-span deflection for INCO70.4 models of 0,8mm steel thickness. 
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Figure 7.31 Load-Slip curves for INCO70.4 models of 0,8mm steel thickness. 
The same comments reported before are valid for the results comparing the 1,2mm of steel 
sheeting thickness curves displayed below. As it is represented in Figures 7.32 and 7.33 
simulation “I70.4_187_RM_NC_1,2” performs similar to tests at the final stage while the 
first slope is explained by simulation “I70.4_187_AF_1,2”  
 
Figure 7.32 Load-mid-span deflection for INCO70.4 models of 1,2mm steel thickness. 
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Figure 7.33 Force-slip for INCO70.4 models of 1,2mm steel thickness. 
Therefore, the reliability of the model is assumed for different thicknesses of the deck as 
the models behave appropriately in both cases. These results could be seen in the graphs 
below. The similarity between simulations and reality is considerably high in the deck with 
1,2mm of thickness. This could be explained figuring that thicker steel sheets have more 
predictable responses because thicker decks are more difficult to plasticize. This fact 
makes the whole joint to have a more predictable behavior than for narrow thicknesses. 
The resultant values for both simulations and experimental tests at resistant limit are 
compiled in Table 7.8. 
INCO 70.4 “I70.4_187_
RM_NC_0,8
” 
Experiment
al_test_Inco
70.4_0,8 
“I70.4_187_
RM_NC_1,2
” 
Experiment
al_test_Inco
70.4_1.2 
F [N] 55 602,06 55 099,83 105 174,7 112 883,5 
Mid-span deflection [mm] 17,2 16,64 20,1 21,525 
Slippage [mm] 3,22 2,99 3,31 3,62 
Table 7.8 Compilation of results obtained for tests and simulation. 
0	  
20	  
40	  
60	  
80	  
100	  
120	  
0	   1	   2	   3	   4	   5	   6	  
Fo
rc
e	  
[k
N
]	  
Slippage	  [mm]	  
Experimental	  Test	  Inco70.4_1,2	   I70.4_187_RM_NC_1,2	   I70.4_187_AF_1,2	  
3D simulations models for composite slabs bending test  Pag. 69 
 
7.7. T80  
This profiled sheeting has its interest as it was designed based on an optimizing process 
using pullout simulations and studying the sensitiveness of some parameters of the 
embossments and the profiled steel. Ferrer implemented this investigation and the present 
deck is the result of his study. 
7.7.1. Geometry, materials and carried out tests 
The tests executed at the LERMA laboratory seven slabs were tested [5]. Four of them had 
a distance Ls of 600 mm that is the one contrasted with the following simulations. The 
figure below shows the nominal dimensions of T80 profile. The plate has an end width of 
855mm and it was initially profiled from a coil of 1350mm.The slab total thickness is 
180mm. 
 
Figure 7.34 Geometry sample for T80 [5]. 
The embossments of this steel sheeting are not doable because the ones on the sides have 
different directions. In addition, all lower dimples presented partial and small shears due to 
the emboss process as represented in Figure 7.35. 
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Table 7.9  Lower dimples of a T80 steel sheeting [5]. 
The geometrical nominal and measured values were done previous to the laboratory tests 
from a sample of 0,5 m2. Table 7.9 compares the values of the nominal dimension and the 
real ones. 
Parameter Description Nominal Measured 
Depth of the dimples. Maximum value (mm) 3,3 2,86 
Depth of the dimples. Minimum value (mm) 2,7 2,20 
Depth of the dimples. Average value (mm) 3 2,5 
Length of upper embossments. Average value (mm) 80 79,8 
Lateral length of embossments. Average value (mm) 52±0, 5 52,4 
Slope of embossments. Approximate average value. 
 
40 º 
Embossments patterns separation (mm) 50 52,5 
Profiling angle 70º 70º 
Table 7.10  Comparison of nominal and measured geometrical parameters for T80 [5]. 
All the tested slabs of this deck, had the same type of steel, and came from the same coil. 
Once the slabs were tested pieces of deck were cut directly from the same slab (which 
guarantees the absence of errors). The shape of these pieces was flat and measured 
approximately 24 mm wide and 200 mm long. With these pieces a test was performed. For 
5
0º45
+
−
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the concrete ϕ 15cm cylindrical specimens were casted in the same conditions as the slabs 
and tested. The materials characteristics obtained are listed below. 
• Steel: fyp = 366 MPa; E = 210 000 MPa.  
• Concrete fck = 25.13 N /mm2.  
7.7.2. Performed FE simulation 
For the performed simulation of T80 element SHELL181 was used as steel element at first. 
However, linear elements have more difficulties to converge as it was explained for 
concrete with SOLID185 and it was needed to turn back to element SHELL281. According 
to what has been assumed due to the previous research, for this steel sheeting two different 
kinds of simulations were performed in order to verify the reliability of what was obtained 
with the previous steel sheeting. Table 7.11 compiles this information. 
FE model Code FE Concrete element Crack Inducer 
Yes/No 
Geometry 
Nominal / Measured T80_187_RM_NC SOLID187 Yes Measured 
T80_187_AF SOLID187 No Measured 
Table 7.11 Performed simulations description summary for T80. 
The geometry of the pattern was inherited from other models but some changes were 
applied to adjust the pattern to the investigation of the current project. These changes were 
most geometrical but not difficult to apply as the geometry was parameterized before. 
However, as Andreu advised, the fillet of some surfaces should be done to avoid load 
concentrations in the embossments. The stiffener was modeled very pointy and it needs to 
be softened. Therefore, a fillet is applied to its upper and bottom edges. The geometry of 
the pattern and the mesh are displayed in Figure 7.35.  
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Figure 7.35 Steel deck and volume patterns mesh for T80. 
As it happened before, the first slope of the test for mid-span deflection and slippage 
concords with the simulation without crack inducer “T80_187_AF”. However, the slope for 
final and mid stages of simulation “T80_187_RM_NC” does not fulfill the test slope 
accurately but the ultimate value is close. Figure 7.36 and Figure 7.37 present the load- 
deflection and load- slippage graphs. 
 
Figure 7.36 Mid-span deflection for T80 models. 
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Figure 7.37 Slippage for T80 models. 
The ultimate state for simulation “T80_187_RM_NC” appeals in force, mid-span and 
slippage with the laboratory test. Even though there are differences of slope at the ultimate 
state the slope look more similar near the last point. Differences are acceptable as the 
dispersion between values and behaviors of different physical test are high. Table 7.38 
summarizes the commented values: 
T80 “T80_187_RM_NC” Experimental test T80 
F [N] 80 957,12 88 080,3 
Mid-span deflection [mm] 10,16 10,12 
Slippage [mm] 1,02 1,1 
Table 7.12 Compilation of results at the ultimate state for T80. 
7.8. QL60 
This deck has its interest because as it has a profiled angle near to 90º. Then, its behavior 
could be considered between open ribbed profiles and closed ribbed ones. Testing this slab 
could help further researchers to take a go with the simulations of open ribbed slabs as it 
could demonstrate the reliability of the model for the dovetailed ribs. 
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7.8.1. Geometry, materials and carried out tests 
In this test also two sets of slabs were tested [4]. The first set was for short slabs of 600 
mm of Ls and consisted on four slabs. Three of them were tested with a static-cyclic test 
and the other only static. The other set has no importance for now as the current report 
does not contain simulations to contrast their response. The steel deck has a span width of 
610mm and a high of 60 mm. the slab width was 180mm. Figure 7.39 shows the nominal 
dimensions of T80 profile.  
 
Figure 7.38 Geometry sample for QL60 [4]. 
These commercial profiles have three different embossments. The ones that contribute 
most to the final value are the upper and the side ones while the lower dimple is small and 
its slope is very soft. Table 7.13 contains the values for the geometrical parameters, 
measured and nominal, of the current slab. This time the measurements of the 
embossments were done on site as there was a lack of information to perform the 
simulations properly. 
Parameter Description Nominal Measured 
Depth of the upper embossment (mm) 2 1,6 
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Slope of the upper embossment(º) 45º 22º 
Length of the upper embossment (mm) 60 60 
Depth of the lateral embossment (mm) 2,5 2,1 
Slope of the lateral embossment(º) 45º 35º 
Length of the lateral embossment (mm) 65 52 
Depth of the circular embossment (mm) 1 0,7 
Table 7.13 Comparison of nominal and measured geometrical parameters for QL60. 
The thickness of the steel was 0.8mm. As a result of the test for the materials, the 
following resistance parameters obtained for steel and concrete are listed below. 
• Steel: fyp = 336 MPa; E = 210 000 MPa.  
• Concrete fck = 24.9 N /mm2.  
7.8.2. Performed FE simulation 
The limited number of elements and nodes that allows the student version of ANSYS 
implied that only short slabs are modeled. For QL60 slabs three models were performed. 
The first and the second simulation contained geometrical measured values while the third 
has nominal values from the specs of the vendor. Table 7.14 summarizes the simulations 
characterized for QL60: 
FE model Code FE Concrete element Crack 
Inducer 
Yes/No 
Geometry 
Nominal / Measured QL60_187_RM_NC SOLID187 Yes Measured 
QL60_187_AF SOLID187 No Measured 
QL60_187_NM SOLID187 Yes Nominal 
Table 7.14 Summary of the simulations performed. 
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T80 geometry steel sheeting pattern was also inherited from a different model. However, 
the embossments needed to be rebuilt, as some of them were side flipped and also the 
measures needed some retouches. Figure 7.39 presents mesh and geometry. 
 
Figure 7.39 Steel deck and volume patterns mesh for QL60. 
As reported in other simulations the final load is similar between the test and the 
simulation with crack inducer “QL60_187_RM_NC”. The first slope of the test curve 
appeals with simulation “QL60_187_AF” with the concrete solid merged. Figures 7.40 and 
7.41 shows the comparison of results between test and simulations: 
 
Figure 7.40 Mid-span deflection for Ql60 actual measures model. 
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Figure 7.41 Slippage for Ql60 actual measures model. 
The values at the ultimate state are very close to final force and slippage but there is a 20% 
of error for the deflection. This fact has a relative importance if it is contemplated that 
normally for composite slabs tests there are divergences between resistant limit values 
inside the same set. Therefore, this error could be considered inside this dispersion of 
values. Table 7.42 summarizes the values for mid-span and slippage: 
QL60 “QL60_187_RM_NC” Experimental test QL60 
F [N] 47 908,57 50 003,46 
Mid-span deflection [mm] 19,88 25,6 
Slippage [mm] 2,51 2,93 
Figure 7.42 Compilation of results at the ultimate state for T80. 
As the nominal and measured geometry differed considerably, it was thought to launch 
simulation “QL60_187_AF” to see the resistance that the slab could achieve if the geometry 
tolerances were more accurate. In this simulation the crack inducer is modeled and the 
geometry for the embossments is nominal. Figures 7.42 and 7.43 present the results 
obtained compared with the test. 
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Figure 7.43 Mid-span deflection for QL60 nominal measures model. 
 
Figure 7.44 Slippage for QL60 actual measures model. 
These simulations had a force for the ultimate state that doubles the real force and the 
slippage is half the slippage of the test. This fact emphasizes the importance of fabrication 
tolerances of the embossments. 
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7.9. Qualitative results and comparisons for the ultimate state 
Although it was noticed before that the numerical macro scale results had a good 
correlation, it is also important to note the qualitative similar results obtained. Figure 7.45 
presents the relation of slippage between tests and models. 
 
Figure 7.45 Slippage at the ultimate state for the four slabs. From the top to the bottom: C60, INCO70.4, T80, QL60. 
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Figure 7.46 shows the cracked enable area at the ultimate resistance state. As it could be 
seen in the photography this fracture appears under the load point: 
 
Figure 7.46 Crack inducer opened at the ultimate state for the four slabs. From the top to the bottom: C60, INCO70.4, 
T80, QL60. 
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Furthermore, this model allows studying the micro scale scope. Although it is not into the 
sphere of this project, images of steel deck for final state in figure 7.47 represent a non-
constant stress throughout the whole span as reported by Ferrer; Chen and Shi and verified 
by Andreu. Two different behaviors are easily identifiable in the bending region the stress 
is lower than in the shear span length as the colors tend to red. 
 
Figure 7.47 von Misses stress in the steel sheeting for the four tested profiles. From the left to the right and from the top 
to the bottom: C60, INCO70.4, T80, QL60. 
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8. Budget 
The budget is divided in two different sections. The first one is referred to Human 
resources cost and the other refers to the materials cost.  
Budget 
Concept Unit Cost Amount Total 
Human 
Resources 
Costs 
Documentation costs 30 €/h 100h 3 000,00 € 
Theoretical study 30 €/h 150h 4 500,00 € 
Models design and simulation’s 20 €/h 350h 7 000,00 € 
Simulations postprocessor and 
obtained results 
20 €/h 100h 2 000,00 € 
Project direction 80 €/h 80h 6 400,00 € 
Redaction costs 20€/h 90h 1 800,00 € 
Material 
Costs 
PC rent 180 €/month 9months 9 00,00 € 
ANSYS license 420 €/month 9months 3 780,00 € 
Printing and other related costs 745 €/u 1u 745,00 € 
Sub-Total 
 
3 0125,00 € 
IVA (21%) 
 
6 326,25 € 
Total 
 
36 451,25 € 
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The table above summarizes all the cost found during the development of the project. The 
total cost has been: 
THIRTY-SIX THOUSAND FOUR HUNDRED FIFTY-
ONE EUROS AND TWENTY-FIVE CENTS 
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Conclusions and recommendations 
The following conclusions and recommendations could be drawn:  
• C60 FE models created using the hexahedron of 8 nodes SOLID185 for the 
concrete element succeed giving similar responses and accuracy as models built 
with 10 nodes tetrahedron element SOLID187 but with a significant reduction 
of computational running time. Both SOLID187 and SOLID65 were used 
previously by other researchers on composite slabs modeling but not on a full-
scale bending model with the inclusion of the actual geometrical embossments. 
• It is found that element SOLID187 performs better for complex geometries than 
element SOLID185 up to certain points this have difficulties to converge. 
Therefore, SOLID187 is recommended for bending studies of composite slabs 
instead of SOLID185 but this one could be valid for doable simulations as 
single pattern or full pullouts or pulloffs tests simulations. 
• Ferrer previous studies reported that geometrical properties of the steel sheeting 
are highly related with its longitudinal shear resistance, mid-span deflection and 
concrete slippage. Aligned with him, same conclusions are observed modeling 
nominal and actual geometries and realizing the large sensitivity of these 
parameters. 
• FE models without concrete crack inducer at the load point are compared with 
the test specimens’ behavior. Early steps for the simulation show similar slopes 
for both mid span and end slippage curves in all the models. Similarly, the FE 
model including the crack inducer at the load point, replied similar behaviors 
for most of the curves during the mid and last steps of the simulation. Further 
analysis is required to enable a better characterization of the crack inducer 
along all the ranges of the FE simulation.   
• The initial research on creating fringes of concrete using crack and crush 
enabled materials and elements had a little impact and introduced non relevant 
results. The characterization of concrete behavior is not accurate with the model 
presented. 
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• The reliability of the model was contrasted thanks to the simulations performed 
and contrasted with four different commercial profiles. It was also ratified its 
validity for different thicknesses of steel and geometrical parameters. However, 
these profiles of tested slabs had a ductile behavior in the laboratory and all of 
them were open ribbed so further investigation should contrast its reliability for 
other cases. 
• It is also important to mention that the developed models will allow to study 
ultimate state for slabs and that could means to predict the slabs resistance. This 
fact makes FE accurate and appropriate to test new slabs design and could be 
used in the future to economize the costly tests that now are proposed by 
Eurocode 4. 
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